Introduction
The uremic form of the Restless Legs Syndrome (RLS) is one of the most important factors contributing to sleep disturbances in patients with chronic renal insufficiency on hemodialysis and affects up to 62% of these patients according to the literature [1] . Its pathophysiology and the role of potential aetiological factors are not fully understood yet. Uremic RLS develops with decreased renal function and often disappears after renal transplantation. Various changes in laboratory parameters, common in renal insufficiency, such as anaemia, decreased serum ferritin, low serum iron and changes in the body's calcium balance (including low and high serum calcium, phosphate, and parathyroid hormone levels) have been cited as potential causes of RLS in patients on dialysis. Several studies have been carried out in the past examining these parameters but unfortunately, the results have been inconsistent [2] [3] [4] . However, it has been postulated that metabolic substances accumulating in the blood of uremic patients may cause an imbalance between inhibitory and excitatory effects in the central nervous system (CNS). Our research investigated the hypothesis whether an elevated total plasma concentration of the excitatory amino acid homocysteine might be associated with the occurrence of uremic RLS in patients on hemodialysis. Furthermore, we compared several other laboratory parameters between RLS-affected and non-affected dialysis patients which have been suspected to play an aetiological role in idiopathic and uremic RLS according to previous studies. Subjective sleep quality was assessed in all patients and possible associations of laboratory parameters with sleep quality were also investigated.
Materials and Methods
52 patients with chronic renal insufficiency stage V receiving hemodialysis (3x/week for at least 6 months) were recruited at three different dialysis centres near Göttingen (Germany) between 2005 and 2009. For analytical purposes, patients were divided into two groups. The first group (RLSpos) consisted of 26 patients (8 males, 18 females, aged 34 to 87 years, mean age: 67 ± 13 years) suffering from RLS according to a diagnostic questionnaire which implemented the clinical RLS criteria as defined by the International Restless Legs Study Group (IRLSSG) [5] , and a short clinical examination. The other 26 patients in the control group (RLSneg, 12 males, 14 females, aged 25 to 86 years, mean age: 67 ± 15 years) were free of RLS using the same criteria. RLSpos patients whose symptoms had started before the onset of dialysis or who had a family history of RLS were excluded from the study. In RLSpos patients, RLS-severity was measured using the International-RLS-severity-scale (IRLS) [6] . Subjective sleep quality was assessed in all patients using the German version of the Pittsburgh Sleep Quality-Index (PSQI) [7] . Blood samples were taken in the morning after an overnight fast and after two days without hemodialysis (hemodialysis-free interval: 66h). Plasma (P)/serum (S) levels of creatinine, urea, albumin, calcium, magnesium, phosphate, parathyroid hormone, hemoglobin, iron, ferritin and folate were analysed within two hours after blood draw at the Department of Clinical Chemistry, University of Göttingen, according to standard methods. Total plasma homocysteine, defined as the sum of all homocysteine subfractions including free and protein-bound forms in plasma, was determined by fluorescence polarisation immunoassay. The study protocol was approved by the local ethics committee. In accordance with legal requirements, informed written consent was obtained from all patients before the study commenced.
Statistical analyses
For all statistical tests, a significance level of p ≤ .05 was used, unless stated otherwise. Since the laboratory parameters of the two groups (RLSpos vs. RLSneg) were normally distributed, parametric tests were used for subsequent analyses. The means including standard error of the mean (SEM) were calculated and plotted for each laboratory parameter. Independent one-tailed t-tests were used to analyse group differences. Hypothesising that higher homocysteine levels would be positively correlated with membership in the RLSpos group, a one-directional Pearson's correlation was used to test this assumption. A partial correlation was run to take into account the possible influence of albumin on total plasma homocysteine, Gade/Blaschke/Rodenbeck/Becker/Anderson-Schmidt/Cohrs: Homocysteine in Uremic RLS on Hemodialysis since albumin has been reported to be directly correlated to homocysteine levels [8] . Pearson's correlations were carried out to examine the relationships between homocysteine concentration and folate levels, age and gender.
The means of PSQI-sumscores and PSQI-subitem-scores including SEMs were compared between RLSpos and RLSneg patients using ANOVAs. Participants were additionally categorised into two groups based on their PSQI-sumscores, i.e., "good sleepers", versus "bad sleepers". The means and standard errors of lab parameters were also compared between these two groups. Pearson's correlations were used to examine the potential relationships between IRLS-Scores and PSQI-total and subitem-scores, between lab parameters and IRLS-scores in RLSpos patients only, and between lab parameters and PSQI-total-score in all patients.
Results
While all patients showed some degree of hyperhomocysteinaemia, we observed a strong trend towards higher homocysteine levels in the RLSpos group compared to the RLSneg group (p=0.053). A significant positive partial correlation was observed between total plasma homocysteine and RLS occurrence (r= 0.246; p=0.045), taking into account individual albumin concentration levels. No significant correlation was observed between age (r=0.01, p=0.944) or gender (r=0.041, p=0.774) and total plasma homocysteine. However, homocysteine correlated inversely with serum folate concentration in all patients (r=-0.32, p=0.03). Means of folate, albumin, hemoglobin, urea, creatinine, ferritin, iron, parathyroid hormone, magnesium, phosphate and calcium levels did not differ significantly between RLSpos and RLSneg patients (for details see Table1).
Table 1. Laboratory parameters in RLS pos and RLS neg patients
Gade/Blaschke/Rodenbeck/Becker/Anderson-Schmidt/Cohrs: Homocysteine in Uremic RLS on Hemodialysis Impaired subjective sleep quality was found in 37 (71%) out of all 52 patients (i.e., PSQIsumscore ≤ 5 points). Mean subjective sleep quality was significantly lower in the RLSpos group than in the RLSneg group, resulting in a higher PSQI-sumscore (for details including PSQI-subitem-scores see Figure 1 ). There was a significant positive correlation between RLS-severity and PSQI-total-score (r= 0.510; p= 0.004) in RLSpos patients. No significant correlation could be observed between laboratory parameters and RLS-severity in RLSpos patients or between laboratory parameters and PSQI-sumscore in both RLSpos and RLSneg patients. However, when patients were split according to their sleep quality using the PSQI`s cut-off value, i.e. "bad" vs. "good "sleepers, the "bad" sleepers in both RLSpos and RLSneg groups showed significantly higher mean serum levels of parathyroid hormone than the "good" sleepers (280.53± 35,51 vs. 152.60± 26.60, p=0.028). **significant at a p-value of .01; * significant at a p-value of .05; ns = not significant.
Discussion
As expected, subjective sleep quality was significantly more impaired in patients with RLS compared to patients without RLS, and sleep quality was found to deteriorate with increasing severity of RLS symptoms. Furthermore, bad sleep quality was associated with higher levels of parathyroid hormone in both RLS-affected and non-affected patients. Hyperparathyroidism and sleep problems in patients on dialysis appear to be connected and have previously been reported in other studies [9, 10] ; hyper-and hypoparathyroidism have also been associated with RLS in some cases [11] . However, in our study, mean concentrations of parathyroid hormone did not differ significantly between RLS-affected and non-affected patients. There were also no differences between the two groups with regard to other laboratory parameters previously described as risk factors for RLS (hemoglobin, ferritin, iron, calcium, phosphate). Our findings rather suggest an association between hyperhomocysteinaemia and uremic RLS since mean levels of total plasma homocysteine were significantly higher in RLS-affected patients. These results are preliminary and further replication studies are needed to draw any firm conclusions. However, homocysteine may possibly play a causal role in uremic but Gade/Blaschke/Rodenbeck/Becker/Anderson-Schmidt/Cohrs: Homocysteine in Uremic RLS on Hemodialysis not in idiopathic RLS. For instance, Bachmann et al. [12] found no significant differences in total plasma homocysteine between idiopathic RLS patients and healthy controls or between RLS groups with and without treatment with levodopa -a drug that can potentially elevate homocysteine levels, especially when given at higher dosages. This is of special importance for our study as we can assume that the low-dose levodopa medication received by most of our uremic RLS patients did not significantly affect their homocysteine levels. In over 80% of patients on dialysis, total plasma homocysteine is at least mildly elevated, most likely due to insufficient degradation. While homocysteine itself gets dialysed only to a small extent, its concentrations decrease up to 30% during a dialysis session due to removal of uremic toxins blocking its metabolic pathways [13] . There are two possible ways how homocysteine could cause or worsen RLS symptoms. It appears to act as an allosteric antagonist at the dopamine D2 receptor subtype [14] , and could therefore lead to a functional dominance of D1 receptors within the dopaminergic system. This D2/D1 shift has already been suspected to play a major role in iron deficiency-related RLS and augmentation of RLS-symptoms while undergoing treatment with levodopa [15] . Furthermore, homocysteine is known to be an agonist at the NMDA-receptor and to increase CNS-excitability [16] . Based on previous research, which found an underlying CNS-hyperexcitability in RLS patients [17] , hyperhomocysteinaemia could therefore lead to uremic RLS by changing the balance between excitatory and inhibitory influences. There may be no exact threshold, beyond which this effect is expected to occur, as additional metabolic factors most likely also influence this balance in individual patients. Aside from the usual pharmacological treatment, a pragmatic therapeutic approach for RLS patients on chronic hemodialysis should be to optimise all potential RLS risk factors that are present. Most importantly, dialysis dose and quality should be adjusted to optimal levels in RLS patients. However, it could be worthwhile investigating the homocysteine hypothesis, for example, by studying the effects of administering folate in uremic RLS patients with severe hyperhomocysteinaemia. Supraphysiological doses of folate can enhance the activity of the homocysteine remethylation pathway, thereby lowering excess homocysteine in patients with chronic renal insufficiency [18] . As promising therapeutic effects have already been demonstrated in pregnant women with RLS [19] , symptoms of uremic RLS are expected to be ameliorated by folate substitution.
Conclusion
The results of our study suggest that homocysteine may play an aetiological role in uremic RLS. In order to test and verify these assumptions further investigations including larger sample sizes need to be carried out. Furthermore, our study confirms that uremic RLS is an important cause of sleep impairment in patients on hemodialysis. However, higher levels of parathyroid hormone might also be associated with bad sleep quality in these patients.
